We report the results of an experimental investigation of the transition to turbulence of Poiseuille flow in a long pipe. Our findings confirm that the recently established scaling law for the finite amplitude perturbation required to cause transition is O(Re −1 ). New results are presented concerning the decay of disturbances injected into the flow field at values of Re where the flow is known to be globally stable. Exponential decay and critical behaviour is observed and these are consistent with observations in other shear flows. This new approach has enabled us to uncover a sharp cut off at the lower limit of the stability threshold.
The origins of turbulence in the flow along a circular pipe has intrigued scientists for more than one hundred and twenty years since Reynolds'[3] landmark experimental investigations. Mathematically, the flow is linearly stable [1] so that laminar flow ought to be observed for all flow rates. In practice, however, pipe flows are typically observed to be turbulent even at modest flow rates. Hence there is a direct conflict between theory and observation. Understanding this enigma has been one of the outstanding challenges of hydrodynamic stability for more than a century. Reynolds also showed that if disturbances at the inlet to the pipe are minimized, laminar flow can be maintained to higher flow rates than if they are not. Kelvin [2] proposed that finite amplitude perturbations are most likely to be responsible for triggering the transition to turbulence. The finite amplitude nature of the transition process was confirmed in the experiments of Pfenniger [4] who managed to obtain laminar flows up Reynolds numbers of Re ≈ 100, 000 by taking extraordinary care to control external influences. (Here Re = The issue of transition to turbulence in pipe flow is not only of deep scientific interest, it is also of significant engineering importance. Transitional flows necessarily involve large pressure variations since the pressure gradient required to drive laminar and turbulent flows may differ by an order of magnitude. Thus flows in oil and gas pipelines are often run inefficiently turbulent to avoid the large pressure fluctuations found in the transitional regime. In addition, the control of turbulence is a dream of many practitioners, just as an understanding of turbulence is the desire of many scientists.
Linear stability of the flow means that infinitessimal disturbances added to Poiseuille flow will decay as they propagate along the pipe and laminar flow will be recovered downstream. Available experimental evidence from Reynolds and Pfenniger suggests that the influence of such disturbances is likely to become more important as Re, increases. A mathematical statement [17] of these facts is provided by: if = (Re) denotes the minimal amplitude of all finite perturbations that can trigger transition, and if scales with Re according to
as Re → ∞, then what is the exponent γ? A negative value of γ will be consistent with the observations and one substantially less than zero would indicate that the sensitivity of the laminar flow to perturbations increases rapidly with
Re. An outstanding problem is relating this theoretical concept to observation in a quantitative manner. Now, we review some recent experimental evidence which suggests that it is beneficial to consider the problem in this way. We will focus on the issues associated with the stability of fully developed Poiseuille flow. Hence we will not discuss the important practical problem of developing or entrance flow which can feature linear instability (see Da Silva and Moss [7] for a review of this problem). In general terms, pipe flow may be considered as a nonlinear dynamical system du/dt = f (u, Re) which represent the Navier Stokes equations subject to appropriate forcing and boundary conditions. The single control parameter Re determines the dynamical state of the system such that there is one linearly stable fixed point, Poiseuille flow, for all Re and another attractor, turbulence, when Re > Re c . Hence when Re < Re c all initial conditions are attracted to the laminar state which is the global attractor for the system. When Re >> Re c nearly all initial conditions give rise to turbulence so that the laminar state is now a local attractor. In practice, Re c 1800 so that all disturbances will decay as t → ∞ for values of Re smaller than this.
Experimental evidence [9] has shown that when Re 1800, small amplitude perturbations introduced into fully developed Poiseuille flow decay as they travel downstream i.e. when Re 1800 all perturbations decay and turbulent flow cannot be maintained. On the other hand, perturbations of sufficient amplitude give rise to transition to the nontrivial state of turbulence. At
